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We present a magnetic resonance elastography approach for tissue
characterization that is inspired by seismic noise correlation and time
reversal. The idea consists of extracting the elasticity from the natural
shear waves in living tissues that are caused by cardiac motion, blood
pulsatility, and any muscle activity. In contrast to other magnetic
resonance elastography techniques, this noise-based approach is,
thus, passive and broadband and does not need any synchronization
with sources. The experimental demonstration is conducted in a
calibrated phantom and in vivo in the brain of two healthy
volunteers. Potential applications of this “brain palpation” approach
for characterizing brain anomalies and diseases are foreseen.
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The complexity of wave fields can sometimes be an advantage
for imaging. Such is the case in multiple scattering or re-

verberating media, where wave fields contain information about
their sources and the medium itself. Turning this wave noise into
useful measurements through correlation techniques has provided
a breakthrough in a wide variety of domains, which range from
seismology (1) to acoustics (2, 3) and electromagnetism (4). Living
tissue is also full of unexploited vibrations. Their detection with
ultrafast ultrasound scanners that can reach thousands of frames
per second (5–7) has recently opened up the medical field to
correlation techniques and therefore, passive elastography (8).
However, ultrasound is not suitable for brain imaging. MRI can
image the brain, but its relatively low acquisition rate of a few
frames per second is an issue. Synchronization with the shear-wave
source is, thus, necessary (9, 10), which penalizes its potential
implementation based on natural shear waves.
We describe a magnetic resonance elastography (MRE) -based

method that is free from the need for synchronization and any
controlled source. This approach extracts information related to
the mechanical properties of the soft tissue from hundreds of
snapshots of randomly fluctuating shear-wave fields. The key to
decrypting the complex field is correlation or similarly but from a
physical point of view, time reversal (11, 12). Not only does this
wide-band approach maximize the signal-to-noise ratio, as any
matched filter would, but it also avoids the Nyquist–Shannon
problem that is inherent to slow imaging devices. Indeed, although
time information is definitely lost, the spatial information is still
present and allows shear-wavelength tomography to be conducted.
This wavelength is closely related to the shear elasticity and thus,
the intuitive estimation of the stiffness felt by physicians during
palpation examination. To start, this concept is shown using MRI
in a calibrated elastography phantom under randomly sampled
vibrations. Arterial pulsation can produce motion in the brain as
high as 1 mm (13); the resulting natural shear-wave field is analyzed
through correlation algorithms, and passive brain palpation recons-
tructions are presented.

Results
Phantom Experiments. As shown in the experimental setup (Fig.
1A), vibrations are generated synchronously from 12 contact points
of a device mounted on a piezoelectric source and working with a

80.3-s modulated sinusoid excitation. The emitted frequencies range
from 20 to 200 Hz. These vibrations propagate mainly as shear
waves within a phantom designed for elastography tests (Comput-
erized Imaging Reference Systems, Inc.) that contains four calibrated
inclusions. The emitted waves reverberate inside this soft, solid
cavity, and the resulting complex field is measured every 1.5 s
using an MRI scanner. It is important to point out first that the
vibrations driving are continuously repeated during the whole
acquisition time and second, that the modulated sinusoid dura-
tion of 80.3 s divided by the imaging frame rate of 1.5 s is not an
integer to avoid any cyclic sampling of the field. Each frame
contains 128 × 128 pixels. The acquisition of 320 frames for the
out-of-plane component of the displacement field was carried
out at ∼0.7 Hz on six slices that were equally spaced by 3 mm,
with 3 × 3 × 3-mm3 isotropic voxels, over 8 min. According to the
Nyquist–Shannon limit, the maximum shear-wave frequency was,
thus, ∼0.35 Hz, which is far below the central frequency of shear
waves in the experiment. The first six consecutive snapshots of
the displacement field of a total of 320 snapshots are shown in
Fig. 1B. These snapshots clearly show the rectangular phantom
surrounded by the random-phase noise. The elastic field shows
complex spatial patterns with characteristic dimensions driven by
the wavelengths associated with the 20- to 200-Hz frequency
content of the sweep source signal. Small wavelengths are visible
at t = 1.5 s, whereas larger wavelengths dominate at t = 3 s. A
correlation coefficient smaller than 5% between consecutive
snapshots of wave pattern confirms the random property of the
diffuse elastic field. The extraction of the elastic parameters
from 320 snapshots was then carried out using noise correlation.

Theory. Let φið~r, tÞ be the experimental observation of the i com-
ponent of an elastic wave field i = 1, 2, 3. Then, a time convolution
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product between φið~r, tÞ and the time-reversed field φið~r0, − tÞ of a
virtual point source located at~r0 is computed:

ΨTR
i

�
~r, t

�
=ϕi

�
~r0,− τ

�⊗
t
ϕi

�
~r, τ

�
. [1]

Eq. 1 is widely used in seismology (14, 15) and known as corre-
lation. Using a first signal analysis interpretation of ΨTR

i , it is
quite straightforward to realize that its maximum, the autocor-
relation, is reached on the virtual point source located on~r=~r0
and for the zero lag time t0 = 0 s. From this point~r0, the spatial
coherence slowly decreases, and it has a typical length that is
proportional to the mean wavelength. Indeed, snapshots are
acquired at a sampling time longer than the mean wave period.
Therefore, they show independent wave patterns, which prevent
the determination of the exact time course of the wave. Never-
theless, the existence of wave patterns implies that motion in one
region is correlated with motion in its vicinity at a distance of a
mean wavelength. This spatial extension is the key parameter to
estimate the shear wavelength. It is close to what is known as the
spectral autocorrelation method in seismology. A second physical
time-reversal interpretation of correlation states thatΨTR

i is the field
that would be observed if the sources responsible for the noise
waves were able to be controlled and acting as a time-reversal
mirror. The waves would, thus, backpropagate and reach the loca-
tion of the virtual point source ~r0 at a special spatiotemporal
refocusing time t0. The energy concentration at t0 defines a re-
gion around the virtual source ~r0 called the focal spot. This
approach offers a simple and robust way to estimate the mean
wavelength (Fig. 2A); indeed, the time-reversal focal spot reaches
the diffraction limit that is known as the Rayleigh criterion (16,
17). The sampling rate under the Nyquist–Shannon limit pre-
vents the computation of the time-reversal field as a function of
time but leaves the spatiotemporal refocusing at time t0 unaltered

(18, 19). The extraction of the shear wavelength as spatial infor-
mation from this latter time-reversal field ΨTR

i ð~r, t0Þ does not con-
tradict the Nyquist–Shannon sampling theorem that addresses time
information. However, the wave-frequency part of the time infor-
mation is lost. A complete shear-wave speed estimation using this
approach would, thus, need an independent measurement of
frequency. The local wavelength estimation on the virtual point
source located on ~r=~r0 is extracted from the focal spot along
one axis j according to

λj
�
~r0
�
≈ 2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΨTR

i

�
~r0, t0

�

ξTRij

�
~r0, t0

�

vuuut , [2]

where ξTRij is the time-reversed strain field. The time reversed
strain field follows from Eq. 1 by replacing the field ϕi by its
gradient «ij = ∂φi=∂rj. The underlying diffuse field assumption is
an isotropic random superposition of plane waves (20). It implies
that «ij ≈ kjφi, with kj as the wave number. Therefore, the time-
reversal strain field becomes

ξTRij

�
~r, t

�
= «ij

�
~r0,− τ

�⊗
t

«ij

�
~r, τ

�

≈ kj
�
~r0
�
ϕi

�
~r0,− τ

�⊗
t

kj
�
~r
�
ϕi

�
~r, τ

�
. [3]

On the virtual point source at the zero lag time, the following
equation is deduced:

ξTRij

�
~r0, t0

�
≈ k2j

�
~r0
�
ΨTR

i

�
~r0, t0

�
. [4]

The autocorrelation of the field gradient is, thus, equivalent to a
curvature measurement, similar to the Laplacian computation

Fig. 1. (A) Experimental setup. The complex shear-
wave field is generated from 12 point sources located
at the surface and mounted on an MRI-compatible
piezoelectric vibrator. The excitation signal is an 80.3-s
modulated sinusoid, with the frequency range of 20
to 200 Hz. (B) Phase images that represent the out-
of-plane displacement field uy in the zx plane of the
inclusions. These first six snapshots were extracted
from a movie of 320 images that was acquired using a
gradient echo MRE sequence every 1.5 s.
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used in MRE reconstruction algorithms. It is now straightforward
to deduce 2. Although in theory, the wavelength can be estimated
along three orthogonal directions j, it is limited in practice to the
two dimensions of slices; a full 3D MRE sequence still needs to be
tested. Moreover, in isotropic media, one direction only is suffi-
cient. The brain anisotropy is ignored in this manuscript. Finally, 2
has been validated through simulations and experiments using ul-
trasounds (18).
The dimensions of the focal spot vary according to the local

stiffness of the medium at the location~r0 chosen for the virtual point
source: a small focal spot in the soft inclusion, a medium one in the
background, and a large one in the hard inclusion (Fig. 2A). The
same logic holds for the focal spots in the two remaining inclusions
(Fig. S1). As a consequence, by sequentially selecting each point of
the field as a virtual source location~r0, tomography of the wave-
length is conducted in a processing time of 1 s. Compared with a
T2-weighted sequence (Fig. 2B), the wavelength tomography shows
good agreement on the location and the size of the four inclusions
(Fig. 2C); a slight geometric distortion probably introduced by the
effect of magnetic field inhomogeneity on the echo planar acquisition
(EPI) is also visible. As expected, their growing stiffness is clearly
apparent from left to right. When accounting for frequency-
dependent motion-encoding gradient sensitivity, the central fre-
quency of the vibrations measured within the phantom is ∼80 Hz.
At 80 Hz, the estimated shear wavelengths are 1.7, 2.9, 5.4, and
6.4 cm in each inclusion, respectively, and 3.6 cm in the background.

Based on the relationship λ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E=3ρ  f 20

q
and Young’s modulus E

provided by the manufacturer, the expected shear wavelengths are
2.0, 2.7, 4.8, and 6.5 cm in each inclusion, respectively, and 3.6 cm in
the background. As mentioned earlier, the correlation approach is
efficient for a perfect diffuse field with the properties of equi-
partition (21). From this point of view, the multiple sources used in
the experiment have two flaws. First, they are located on the surface,
and second, they deliver synchronous vibrations. Although it is more
difficult to experimentally implement, independent sources that are
randomly distributed in the bulk represent the ideal situation of a
perfect diffuse field for noise correlation techniques. Therefore, the
imperfect source of this initial setup appears to be at the origin of
the fluctuations in the wavelength tomography (Fig. 2C and

Fig. S2). An inverse filter solution was proposed for seismic
data (22). In this case, a spatial mean of ΨTR

i ð~r, t0Þ can be simple
and efficient. A typical 8-min MRE sequence only allows the ac-
quisition of 320 frames of the elastic field, which are some 10–30%
of those acquired in experiments conducted with ultrasounds (18).
However, the correlation-based wavelength tomography clearly
opens promising perspectives, and this approach was tested with
the brains of two healthy adult volunteers.

Brain Experiments. The aim of passive elastography is to use natural
shear-wave propagation in the human body. In the brain, the
natural motion is caused by arterial pulsatility and cerebrospinal
fluid exchange (23, 24). The MRE sequence presented in this
section is the same as the one described for the phantom, except
for the three following parameters: the voxel size of six slices is 4 ×
4 × 4 mm3 to improve the signal to noise ratio (SNR), the total
time of the in vivo experiments is 11 min, and three components of
the displacements are acquired. The out-of-plane component only
is investigated here. The first six 64 × 64-pixel snapshots shown in
Fig. 3A show that the MRE sequence described in Materials and
Methods can reveal the natural motion in the brain. The amplitudes
are relatively small at only 5 μm, but the signal is clearly apparent.
Because correlation computation is equivalent to an adaptive filter,
the focal spot clearly emerges from the noise (Fig. 3B). The exis-
tence of these time-reversal focus spots is a convincing clue that
natural motions in the brain are transported by shear waves. They
are responsible for correlation decreasing down to negative values.
The black −6-dB isolevel boundary lines more clearly illustrate
the different sizes of the focal spots. With a mean of 10 cm, the
wavelength estimations are within the expected range. Indeed,
assuming that the motion is proportional to the intracranial pres-
sure (25) and given the frequency-dependent sensitivity of the 50-Hz
motion-encoding gradient used in our in vivo experiment, the central
frequency of displacement (as encoded in the phase images) is
expected to be ∼1 Hz (13); 10% of energy is nonetheless present at
a frequency of 15 Hz. It is expected that the wavelength estimation
is dominated by the higher frequencies. Therefore, the shear-
wave speed in the brain is around 1.5 m/s (26, 27). Therefore, the
expected smaller wavelength ranges from 8 to 15 cm. In addition,
longer wavelengths are observed on the periphery of the frontal

Fig. 2. Phantom correlation results. (A) Time-reversal
focal spots for three different virtual source locations S
in (Top) the phantom background (25 kPa), (Middle)
the hard inclusion (80 kPa), and (Bottom) the soft in-
clusion (8 kPa). The virtual source S can be set arbi-
trarily to any location. (B) T2-weighted image of
the phantom. (C) Shear-wavelength tomography. The
four inclusions are clearly apparent, and their local
wavelength estimations are proportional to the square
root of their local elasticity.
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and parietal lobes than in the center of the brain (Fig. 3B),
which is clearly apparent on the shear-wavelength tomography
reconstructions (Fig. 4). The anatomic details of T2 images are
apparent on the shear-wavelength tomography, especially along
the longitudinal fissure in the axial view (Fig. 4A). Finally, the
longest wavelengths are visible in the posterior region of the
brain (Fig. 4).

Discussion
The general results extracted from the first brain correlation
reconstructions were verified on the same volunteer at a 1-mo
interval as well as a second healthy volunteer (Figs. S3 and S4).
Healthy volunteers were on their backs. The gravity-induced

compression might enhance the local wavelength in the posterior
brain. Additional studies of passive MRE are necessary to claim with
confidence that these red posterior regions of the wavelength to-
mography reconstructions correspond to stiffer brain tissue (Fig. 4
and Fig. S4). Similarly, the apparent stiffer periphery region is not
confirmed by MRE observations of the literature. Because it has to
be a wave property effect, it is conjectured to be either a nonuniform
frequency content of the shear-wave field or a change in the nature
of the elastic wave with internal structure. At last, given that MRE
includes three components of the field, that two orthogonal wave-
length estimations are possible, and that the acquisition involves six
different planes, we, therefore, end up with 36 possible tomography
reconstructions. It is beyond the scope of this paper to offer detailed

Fig. 3. In vivo brain results. (A) Phase representation of the displacement field. Six snapshots were extracted from a movie of 144 images. These in vivo
measurements of brain motion were acquired with a gradient echo MRE sequence every 1.5 s. (B) Time-reversal focal spots in the brain for four different
virtual source locations S. The isolevel black boundary lines stress the shear-wavelength variations.

Fig. 4. In vivo brain passive MRE. (A) Axial view of
(Left) the T2-weighted image and (Right) its corre-
sponding shear-wavelength tomography. (B) Sagittal
view of (Left) the T2-weighted image and (Right) its
corresponding shear-wavelength tomography.
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descriptions of each of these, although they are partly considered in
Figs. S1, S2, S3, and S4. A promising possibility resides in the wave
vector estimation that should partly reveal the brain anisotropy. In
conclusion, the whole set of these experimental data brings us to the
following statement: although natural tissue vibrations are often
considered as disturbing noise, they nonetheless offer promising
opportunities for medical imaging when correlation methods can be
applied.

Materials and Methods
Instantaneous MRI snapshots are captured using a gradient echo single-shot
echo planar imaging sequence (28) developed at the Mayo Clinic and installed
on a 1.5-T system (General Electric). The displacement is encoded in the phase of

the magnetic resonance signal using a 20-mT/m bipolar motion-encoding gra-
dient applied over 10 ms (i.e., +20 mT/m over 5 ms immediately followed by
−20 mT/m over 5 ms). The repetition and echo times are 1.5 s and 45 ms, re-
spectively. In the phantom experiment, the field of view is 128 × 128 × 3 mm,
whereas it is 64 × 64 × 4 mm in the brain experiment. The phantom is designed
for elastography experiments by Computerized Imaging Reference Systems, Inc.
The piezoelectric vibrator used in the phantom experiment is a PPA20M
Cedrat Technologies. Institutional review board approval from Inserm was
given and written informed consent was obtained from both volunteers.
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